growth factor ␤ activates p38 MAPK, p38 MAPK then phosphorylates MAPK-activated protein kinase 2 (MAPKAPK2), MAPKAPK2 phosphorylates heat shock protein 27, and heat shock protein 27 stimulates the expression of MMP-2 and increases cell invasion ( 8 , 10 ) . The level of heat shock protein 27 is higher in prostate cancer cells than in normal prostate cells ( 11 ) .
Epidemiological studies indicate that an increased level of dietary genistein is associated with reduced rates of metastatic prostate cancer, whereas studies in prostate cancer cells show that genistein treatment blocks activation of the p38 MAPK proinvasion pathway ( 8 , 12 ) . Consumption of dietary genistein has been linked to lower rates of prostate cancer metastasis and mortality ( 13 , 14 ) . Individuals who consume a diet that is high in soy products have blood concentrations of genistein that are approximately two orders of magnitude higher than those who consume a Western-style red meat -based diet ( 15 ) . In human prostate cancer cells, genistein blocks phosphorylation of p38 MAPK on threonine-180 and tyrosine-182, which are located in the activation motif, and thus prevents activation of the p38 MAPK kinase activity ( 8 ) . Genistein has also been shown to inhibit phosphorylation of MAPKAPK2 and heat shock protein 27 (which are downstream components of the p38 MAPK proinvasion pathway), induction of MMP-2 expression, and invasion in cell lines and metastasis of human prostate cancer cells in mice ( 12 , 16 ) . Importantly, genistein is active in cultured cells at low-to-mid nanomolar concentrations, which corresponds to levels of genistein in blood that are typically attained through dietary consumption of soy products ( 15 ) .
Although inhibiting p38 MAPK activation is therapeutically important, genistein ' s pharmacological target for inhibiting cell invasion is not known. We investigated whether upstream activators of p38 MAPK, including mitogen-activated protein kinase kinase 3 (MEK3), MEK4, and MEK6 ( 17 , 18 ) , regulated MMP-2 expression and prostate cancer cell invasion and were pharmacological targets for genistein.
Cell Culture
The origin and culture conditions of human PC3 and PC3-M metastatic prostate cancer cell lines, 1532NPTX and 1542NPTX immortalized normal human prostate epithelial cell lines, and 1532CPTX and 1542CPTX human prostate cancer cell lines have been described previously ( 20 -22 ) . PC3 cells originated from a human metastatic bone lesion and are metastatic in mice. PC3-M cells were derived from parental PC3 cells and represent a more metastatic derivative cell line. The other four cell lines originated from prostate tissue from patients with localized prostate cancer, have been transformed with human papillomavirus, and thus represent early-stage prostate cancer cells. Normal prostate epithelial cells and cancer cells from one patient gave rise to 1532NPTX and
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Prior knowledge
Consumption of foods with high levels of genistein has been associated with decreased metastasis and mortality among patients with prostate cancer. Genistein has been shown to inhibit matrix metalloproteinase-2 (MMP-2) expression and cell invasion.
Study design
Six prostate cell lines were used to study the effects of genistein treatment on the expression of mitogen-activated protein kinase kinase 4 (MEK4), a protein kinase, and various activities, including cell invasion. The structure of MEK4 protein was modeled, and genistein docking was studied. MMP-2 expression was assessed in normal prostate epithelial cells from 24 patients with prostate cancer from a phase II randomized trial comparing genistein treatment with no treatment.
Contribution
MEK4 expression was associated with MMP-2 expression and cell invasion in all six cell lines. Genistein appeared able to bind to the active site of MEK4 by computer modeling. Genistein inhibited MEK4 kinase activity. MMP-2 expression was statistically significantly higher in normal prostate epithelial cells from untreated patients than in those from genistein-treated patients.
Implications
MEK4 was identified as a proinvasion protein and a target for genistein. These results may indicate a mechanism to link high dietary consumption of genistein-containing foods with lower rates of prostate cancer metastasis and mortality.
Limitations
The possibility that genistein has at least one more target cannot be ruled out. MEK3 function was not investigated in all six cell lines. The target for genistein action has not yet been localized to a specific component in a signaling pathway in human tissue specimens.
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1532CPTX cell lines, and those from another patient gave rise to 1542NPTX and 1542CPTX cell lines. Compared with PC3 and PC3-M metastatic cells, early-stage cells have a smaller percentage of proliferating cells, slower growth rates, normal DNA ploidy, more organized actin networks, and uniform cell adhesion profiles ( 22 ) . PC3 and PC3-M cells were cultured in RPMI 1640 medium (Gibco, Grand Island, NY) supplemented with 10% heat-inactivated fetal bovine serum (product SH30071-03; Fisher/Hyclone, Waltham, MA), 2 mM glutamine, and 10 mM Hepes (pH 7.2). Early-stage 1532NPTX, 1542NPTX, 1532CPTX, and 1542CPTX cells were maintained in keratinocyte serum-free medium with epidermal growth factor (5 ng/mL) and bovine pituitary extract (25 µ g/mL) (all from Gibco) supplemented with 2 mM glutamine, 10 mM Hepes (pH 7.2), and 5% heat-inactivated fetal bovine serum. All cells were maintained at 37°C in a humidified atmosphere of 5% carbon dioxide and 95% air under subconfluent exponential growth conditions with biweekly changes of medium, were routinely monitored for mycoplasma infection, and were replaced with fixed-passage cells from frozen stock every 3 months. Unless otherwise stated, cells were treated with 50 µ M genistein (1 µ L of stock added to 1 mL of culture medium) for 24 hours before being used in an assay. Control cells were treated with an equal amount of dimethyl sulfoxide. For experiments with transforming growth factor ␤ , cells were treated with transforming growth factor ␤ at 2 ng/mL for 45 minutes and then were harvested immediately. Cell viability was routinely monitored by trypan blue exclusion and was not adversely altered in any experimental condition used compared with untreated control cells. All six cell lines were evaluated in all in vitro experiments.
Cell Transfection
Cells from all six lines were transfected with constitutive active MEK4EE plasmid or with empty vector, as indicated. The MEK4EE plasmid carries a MEK4 that contains the Ser220Glu and Thr224Glu mutations, which render it constitutively active ( 19 ) . The empty vector plasmid lacks the MEK4EE insert and serves as a transfection control. Briefly, 1 day after plating 3 × 10 6 cells into each well of a six-well plate, cells were transfected with 4 µ g of the indicated plasmid by use of the TransIT-LT1 Transfection Reagent (Mirus, Madison, WI), as described previously ( 23 ) . For cell invasion assays, cells were transfected with 3 µ g of an expression plasmid (MEK4EE or empty vector, as indicated), along with 1 µ g of the reporter plasmid, pCMV-␤ -gal. For RNA interference studies, cells were transfected with siRNAs against MEK4 or with nontargeting control siRNAs, as indicated, with DharmaFECT (Dharmacon) 5 hours after transfection with the reporter pCMV-␤ -gal plasmid, as described previously ( 24 ) .
Cell Invasion Assays
Cell invasion was measured by a Boyden chamber invasion assay, as described previously ( 23 ) . Briefly, the upper and lower chambers of the 48-well Boyden chamber (product AP48; Neuro Probe, Gaithersburg, MD) was separated by a Nuclepore Track-Etch Membrane with 8-µ m pores (product NC 983-1643; Whatman, Clifton, NJ) that had been precoated with denatured collagen (product 214340; Difco-Becton Dickinson, Sparks, MD). A total of 1 × 10 4 cells were suspended in 52 µ L of serum-free culture medium containing 0.1% bovine serum albumin, added to the upper well in the Boyden chamber apparatus, and allowed to migrate for 15 hours through the membrane toward serum-free NIH-3T3 -conditioned medium in the lower chamber. The percentage of invading cells was counted under light microscopy. A total of two experiments were performed, with four replicate samples for each experimental condition. Some Boyden chamber experiments used cells that had been transfected with MEK4EE plasmid or vector control plasmid, along with pCMV-␤ -gal, so that the cells could be identified in a three-dimensional collagen matrix. Transfected cells were visualized with a ␤ -galactosidase staining kit (product 200384; Stratagene) by following the manufacturer's instructions.
Quantitative Reverse Transcription -Polymerase Chain Reaction for Cell Lines and Normal Human Prostate Epithelial Cells
The quantitative reverse transcription -polymerase chain reaction (qRT-PCR) was performed, and data were analyzed as described previously ( 25 , 26 ) by using the TaqMan universal RT-PCR kit (product N8080234; Applied Biosystems, Foster City, CA), an Applied Biosystems 7500 Real Time PCR Workstation, and exonspanning gene-specific sets of two primer and one probe TaqMan Gene Expression Assays for GAPDH, MEK4, MEK3, and MMP-2 (assays Hs99999905_m1, Hs00387426_m1, Hs00177127_m1, and Hs00234422_m1, respectively). Reverse transcription was performed with 40 ng of RNA from normal prostate epithelial cells or 100 ng of RNA from cell lines and TaqMan reverse transcriptase and random hexamers in a total reaction volume of 10 or 50 µ L for RNA from normal prostate epithelial cells or from cell lines, respectively, with the following incubation conditions: 25°C for 10 minutes, 48°C for 30 minutes, and 95°C for 5 minutes. For the quantitative PCR, the total reaction volume was 20 µ L, and the reaction conditions were 10 minutes at 50°C and 10 minutes at 95°C, followed by 40 cycles of 15 seconds at 95°C and 1 minute at 60°C. The threshold cycle for individual reactions was identified through Applied Biosystems 7500 Real Time PCR System software. Relative gene expression was normalized to that of GAPDH, by using the 2 Ϫ ⌬ ⌬ C t method ( 27 ) . Negative controls were reaction mixtures that lacked reverse transcriptase. Each reaction point was in replicates of two; each experiment was repeated two times.
Western Blot Analysis
Cell lysis and Western blot analysis of all six cell lines were performed as described previously ( 12 ) . Briefly, cells were lysed at 4°C in a solution of 0.5% Triton X-100, 20 mM Tris -HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 2.5 mM sodium pyrophosphate, and 1 mM ␤ -glycerol phosphate containing a mixture of protease inhibitors (leupeptin at 1 µ g/mL, aprotinin at 1 µ g/mL, and 1 mM phenylmethylsulfonyl fluoride; all from Sigma) and a mixture of phosphatase inhibitors (10 mM NaF, 1 mM orthovanadate, and phosphatase inhibitor mixtures I and II [both at a 1:100 dilution]; all from Sigma). Cell lysates were centrifuged at 14 000 g for 30 minutes at 4°C. Equal amounts of clarified lysate protein, as determined by Bradford dye-binding assay (Bio-Rad, Hercules, CA), were separated by sodium dodecyl sulfate -polyacrylamide gel electrophoresis and transferred onto 0.45-µ m (pore size) nitrocellulose (Whatman Schleicher and Schuell, Keene, NH). After blocking with 5% nonfat dry milk for 1 hour at room temperature, membranes were probed with polyclonal anti-phosphorylated MEK4 (diluted 1:1000), anti-phosphorylated p38 MAPK (diluted 1:1000), anti-MEK4 (diluted 1:1000), anti-MEK3 (diluted 1:1000), anti-MEK6 (diluted 1:1000), or anti-p38 MAPK (diluted 1:1000), for 16 hours at 4°C, and then with secondary antibody. Bands were visualized with the Enhanced Chemiluminescence System (GE Life Science) by following the manufacturer's instructions, and band density was read with the FUJI film LAS-3000 system and quantified with AlphaEaseFC software (Alpha Innotech Corporation, San Leandro, CA). After probing for phosphorylated proteins, membranes were stripped of bound antibodies by treating with stripping buffer (100 mM ␤ -mercaptoethanol, 2% sodium dodecyl sulfate, and 62.5 mM Tris -HCl at pH 6.7) at 50°C for 30 minutes. After washing, membranes were reexposed (after readdition of the substrate for horseradish peroxidase) to confirm removal of previously bound antibody, before being reblocked and reprobed with an antibody against the corresponding total protein. All data were within the linear range of detection for each antibody used, as determined by assessing signal intensity after various lengths of film exposure time. GAPDH was used as the loading control. All experiments were performed twice, at separate times; all results were similar. Unless otherwise stated, Western blot analysis was performed 24 hours after transfection.
In Vitro Kinase Assay with Recombinant MEK4
The MEK4 kinase assay system from Millipore Upstate Biotechnology (Billerica, MA) was used by following the manufacturer's instructions, with modifications. The system contained recombinant active MEK4 (product 14-377), recombinant inactive mutant JNK3 (K55R) as the substrate (product 13-126), buffer (product 20-108), ATP (product 20-113), and anti-phosphorylated JNK antibody (product 07-175). The following compounds were added in the order listed to kinase buffer at 4°C for a final reaction volume of 20 µ L: 0.06 U of recombinant MEK4; genistein at 0.01, 0.1, 1.0, 10, or 100 µ M or a no genistein control; 375 µ M MgCl 2 ; 2.5 µ M ATP; and 1 µ g of JNK3 (K55R). All reactions were incubated simultaneously. The K55R mutation of JNK3 renders it inactive ( 28 ) , and thus, it is a suitable substrate for MEK4. After a 5-minute incubation at 30°C, denaturing and reducing gel loading buffer (final concentrations: 125 mM Tris -HCl at pH 6.8, 1% sodium dodecyl sulfate, 5% [vol/vol] glycerol, 0.8% dithiolthreitol, and 0.05% bromophenol blue) was added and incubated at 95°C for 5 minutes and then at 4°C for 5 minutes. The resultant reaction product was detected by Western blot analysis, by following the manufacturer's instructions. For each experiment, all six different reaction conditions were assayed at the same time but with only a single sample for each condition. Two separate experiments were performed, at separate times.
Homology Model of MEK4 Structure and Docking of Genistein
Models of the three-dimensional structure of MEK4 were constructed by use of the ModWeb implementation of the Modeller program ( 29 ) . This program aligned the MEK1 and MEK4 amino acid sequences, substituted the MEK1 amino acid residues in the three-dimensional structure with the corresponding amino acid residues of MEK4, and eliminated steric conflicts by energy minimization while spatially restraining the model to the template structure. The genetic algorithm implemented in the AutoDock program ( 30 ) was used to calculate an ensemble of possible poses of genistein bound to the MEK4 model. The pose yielding the highest score was selected.
Phase II Clinical Trial
Patients with localized, biopsy-proven adenocarcinoma of the prostate who had been scheduled for radical prostatectomy, had a Gleason's score of 6 or 7, a prostate-specific antigen level of less than 20 ng/mL, clinical stage T1 or T2 cancer, and intact end organ function, and were not on other therapy were accrued onto a Northwestern University Institutional Review Board -approved protocol, after they provided verbal and written informed consent. The trial was registered with the National Cancer Institute (PDQ Registration No. NCT00058266). Patients were randomly assigned to genistein treatment or no treatment in a 1:1 ratio, before radical prostatectomy. Randomization used the block method with a block size of 4, as designed by the study statistician (B. Jovanovic ). Individual patients were randomly assigned through a process in which the study coordinator called a central number in the central coordinating Clinical Research Office to reach a dedicated full-time quality control officer, who then made the treatment assignment.
The genistein that was used in this trial was manufactured by Protein Technology International (PTI, St Louis, MO) and supplied by the US National Cancer Institute as PTI G-4660 in 150-mg gel cap pills. Genistein (150 mg/d) was administered, as described previously ( 31 ) . This dose and formulation have been shown to give blood concentrations of genistein that are comparable with those measured in men consuming a soy-based diet ( 15 , 31 ) . Estimates of daily genistein consumption by those on a soy-based diet range from 0.25 to 1.0 mg/kg ( 32 -36 ) . Thus, genistein was administered to patients in this trial at two to eight times the estimated dietary doses. During the trial, patients were asked to refrain from consuming foods and supplements that were high in soy and/or genistein. All data from all subjects were collected and stored in a central and secure location by the Clinical Research Offi ce of the Robert H. Lurie Cancer Center of Northwestern University.
The phase II study was designed to detect the effects of genistein on nuclear morphometry, as measured by quantitative image analysis. The primary endpoint was nuclear morphology. Nuclear stretching, as determined by an increase in nuclear length or area, provides a measure of increased cell attachment ( 16 ) . The study was designed to detect a statistically signifi cant ( P < .050) increase in nuclear fl attening in formalin-fi xed prostate tissue with 80% power.
In this article, the primary goal was to measure MMP-2 expression by qRT-PCR in normal prostate epithelial cells that were dissected from fresh-frozen prostate tissue by laser capture microdissection. From the larger pool of 38 subjects on the phase II trial, fresh-frozen prostate tissue was available from 12 genistein-treated patients and 12 untreated control patients, who were the subjects of study described in this article. These patients were accrued onto the study between September 1, 2004, and February 28, 2006 . All clinical parameters reported correspond to these 24 patients.
Laser Capture Microdissection of Normal Prostate Epithelial Cells and RNA Isolation
Prostate tissue from radical prostatectomy specimens, from 12 genistein-treated patients and 12 untreated control patients, was harvested, annotated, and processed according to standard operating procedures of the Northwestern Prostate SPORE Tissue Bank ( 25 ) . Briefly, tissue for laser capture microdissection was snap frozen within 30 minutes of surgical removal and stored at Ϫ 80°C. Because, in our experience, there was rapid and unpredictable RNA degradation with a prolongation of time until freezing, tissue that could not be frozen within 30 minutes of removal was not used. Laser capture microdissection and RNA isolation were performed as previously described ( 25 ) . Briefly, 6-µ m serial cryosections were cut, end sections were stained with hematoxylin -eosin, and areas of cancer and normal tissue were identified by a single genitourinary pathologist (X. J. Yang ) who was blinded to treatment status. Normal prostate epithelial cells that were separated from malignant tissue by more than one field, as observed under a ×40 objective lens (ie, 500 µ m), and that were not associated with areas of benign prostatic hypertrophy were dissected on a PixCell II laser capture microdissection workstation (Arcturus, Mountain View, CA). Dissections were conservative (ie, epithelial -stromal boundaries were not approached), and images before and after laser capture microdissection were examined as a quality control measure to ensure that stromal tissue was not dissected. RNasefree conditions were maintained during all steps of tissue cutting, transport, microdissection, and transport of dissected specimens, including the use of RNase-free reagents and supplies, gloves, and barrier methods to block exposure to exhaled air. RNA was extracted from approximately 50 000 microdissected cells with a PicoPure RNA extraction kit (Arcturus) and treated with 30 Kunitz units of RNase-free DNase I (Qiagen, Valencia, CA) for 20 minutes at room temperature. A 1-µ L aliquot of purified RNA was loaded on to an Agilent RNA LabChip and separated on an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). Separation on the LabChip is continuous and is based on molecular weight, in a manner that is analogous to the separation of RNA by agarose gel electrophoresis. From the resultant chromatogram of eluted RNA, peaks corresponding to 28s and 18s RNAs were readily identified. RNA was considered nondegraded and of sufficient quality for use when 28s and 18s RNA peaks were evident and when the area of the 28s RNA peak was greater than that of the 18s RNA peak. Degraded RNA was not processed further. By using known amounts of stock RNA on the same LabChip that was used for the patient samples, a standard curve was generated in which the amount of known stock RNA was plotted against the total combined area of 28s and 18s RNA peaks. This standard curve was used to determine the amount of RNA in each patient sample from the total combined area of their 28s and 18s RNA peaks.
Measurement of Plasma Genistein Concentration
Plasma was collected ( 31 ) from the 24 patients above, and total genistein concentration was measured in a blinded fashion by a single person (J. Killmer ), as described previously ( 16 ), with modifications. Briefly, plasma was treated overnight at 37°C with Helix pomatia ␤ -glucuronidase and sulfatase (product G7017; Sigma) to remove glucuronidate and sulfate that are conjugated to genistein by metabolism in the liver; total genistein was extracted with methyl tert -butyl ether, resuspended in a solution of 20% methanol and 80% aqueous ammonium formate and then loaded on to a Waters Alliance high-pressure liquid chromatography system (Waters, Milford, MA), a 717 plus autosampler with Empower software (Waters), a Luna Phenyl-Hexyl reverse-phase analytical column (150 × 4.6 mm, 5 µ m; Phenomenex, Torrance, CA), a Zorbax Eclipse XDB-phenyl guard column (Agilent Technologies, Santa Clara, CA), a step gradient mobile phase; and genistein was detected with a 2487 dual-wavelength absorbance detector with Millenium software (Waters) at 259 nm. Mobile phases were A (50 mM aqueous ammonium formate, pH 4.00) and B (50% acetonitrile and 50% methanol). The gradient program was 0% solution B for 1 minute, ramped to 40% solution B in 0.5 minute, held at 40% solution B for 11 minutes, ramped to 80% solution B in 1 minute, held at 80% solution B for 3 minutes, ramped down to 0% solution B in 1.5 minutes, and reequilibrated at 0% solution B for 8.5 minutes. The genistein calibration curve, which was constructed with genistein standards, was linear over genistein concentrations of 15.6 -5000 ng/mL. Assay-to-assay and day-to-day variability was less than 10%. Any sample in which the genistein concentration was less than the lower limit of quantification was assigned the value of the lower limit of quantification.
Histology
Fresh-frozen prostate tissue from the 24 patients above was cut on a cryostat in 5-µ m sections for staining with hematoxylin -eosin or in 6-µ m sections for laser capture microdissection. Tissue was stained for hematoxylin -eosin as indicated and was visualized and photographed on a standard light microscope. Tissue for laser capture microdissection was immediately processed by incubation in 70%, 95%, and then 100% ethanol (each for 30 seconds); was then washed for two 2-minute periods in xylene; and was finally air-dried. After overlaying tissue with a CapMacro laser capture microdissection cap (Arcturus) on a PixCell II laser capture microdissection Workstation (Arcturus), images of tissue were photographed. All photomicrographs were taken with a ×40 objective.
Statistical Analysis
Differences between genistein-treated and untreated groups were compared by use of a two-sided Student t test. Data were considered statistically significantly different for P values of .050 or less. All statistical tests were two-sided.
Results
Genistein Treatment and Early-Stage Human Prostate Cancer Cells
Boyden chamber assays were used to investigate the invasion activity of the metastatic prostate cancer cells (PC3 and PC3-M); earlystage, immortalized, localized prostate cancer cells (1532CPTX and 1542CPTX); and immortalized, normal prostate epithelial cells (1532NPTX and 1542NPTX). We found that early-stage cells were statistically significantly less invasive than metastatic cells (eg, the invasion of 1542NPTX cells was only 43% of that of PC3-M cells [set at 100%], difference = 57%, 95% confidence interval [CI] of difference = 44% to 70%, P = .004) ( Figure 1, A ) . We then investigated whether a 24-hour treatment with 50 µ M genistein altered the invasive activity of these six cell lines and found that the invasive activity of all six lines, including the early-stage cell lines, was statistically significantly lower than that of untreated cells (eg, for 1532NPTX cells, genistein decreased invasion to 41% of that of untreated cells [set at 100%], difference = 59%, 95% CI of difference = 42% to 75%, P < .001) ( Figure 1, B ) . Genistein has previously been shown ( 8 ) to decrease the expression of the immature pro-MMP-2 zymogen in human prostate cells. To determine whether genistein was acting at the level of MMP-2 RNA or protein, we fi rst investigated whether a 24-hour treatment with 50 µ M genistein altered the level of MMP-2 transcripts by use of qRT-PCR. In all six cell lines, genistein-treated cells had statistically signifi cantly lower levels of MMP-2 transcripts than the corresponding untreated cells ( Figure 1, C ) .
Genistein Treatment and MEK4 Kinase Activity in Cell Lines
Because genistein blocks phosphorylation of p38 MAPK on its activation motif ( 8 ) and because MEK3, MEK4, and MEK6 activate p38 MAPK ( 17 , 18 ), we measured the expression of MEK3, MEK4, and MEK6 protein in lysates from all six prostate cell lines (PC3, PC3-M, 1532NPTX, 1532CPTX, 1542NPTX, and 1542CPTX cells). The expression of MEK3 and MEK4 protein was readily detected in all six cell lines, whereas only PC3 cells expressed readily detectable levels of MEK6 ( Figure 2, A ) . Consequently, we focused on MEK4 because high expression was observed across all six cell lines and because the expression of MEK4 is elevated in invasive prostate cancer tissue ( 37 ) .
We investigated the function of MEK4 in human prostate cells by transfecting all six cell lines with MEK4EE, expressing a constitutively active form of MEK4, or with a control vector. Across all six cell lines, levels of phosphorylated p38 MAPK were higher in cells transfected with MEK4EE than in cells transfected with the control vector (eg, the ratio of phosphorylated to total p38 MAPK from MEK4EE-transfected 1532CPTX cells was 221% and that for control vector -transfected cells was 100%; difference = 121%, 95% CI of difference = 100% to 142%, P = .040) ( Figure 2, B ) We investigated whether genistein treatment directly inhibits MEK4 kinase activity by using a commercially available MEK4 assay with an inactive recombinant JNK3 as the substrate. Phosphorylation of JNK3 decreased as the concentration of genistein increased ( Figure 2, C ) . Specifi cally, genistein inhibited MEK4 kinase activity with a mean half maximal inhibitory concentration (IC 50 ) of 0.40 µ M (95% CI = 0.36 to 0.45 µ M).
Because genistein treatment of human prostate cancer cells has been shown to block transforming growth factor ␤ -stimulated phosphorylation of p38 MAPK ( 8 ), we measured phosphorylated and total MEK4 protein in all six cell lines. Cells were treated with genistein (50 µ M for 24 hours) and/or with transforming growth factor ␤ (2 ng/mL for 45 minutes); untreated cells were the control ( Figure 2, D ) . Treatment with transforming growth factor ␤ increased the ratio of phosphorylated to total MEK4 level by more than 20% across all six cell lines, and this increase was not blocked by genistein treatment. Similar results were obtained in two independent experiments. For example, after transforming growth factor ␤ treatment of 1532NPTX cells in the absence of genistein, the ratio of phosphorylated to total MEK4 increased from a baseline of 100% in untreated cells to 184%. After transforming growth factor ␤ treatment in the presence of genistein, the ratio increased to 196%. In 1532NPTX, 1542CPTX, PC3, and PC3-M cells, genistein treatment alone increased phosphorylated MEK4 levels; this result supports the existence of a feedback regulatory loop, as described previously in this pathway ( 10 ) .
Structure of MEK4 and Genistein Docking
We used computer-assisted modeling to further investigate whether genistein inhibited MEK4 activity by directly binding to MEK4. The structure of genistein is shown in Figure 3 , A . The structure of MEK1 (Protein Data Base [PDB] code 1S9J) had the highest sequence similarity to MEK4 (38% identity in the modeled region of residues 97 -385) and a higher resolution structure than that of the next best template, MEK2 (PDB code 1S9I). So we used the structure of MEK1 to approximate the structure of MEK4. Because the structure of MEK1 used for modeling contained bound ATP and inhibitor (PD318088) ( 38 ) , the resultant MEK4 model was in a closed, inactive conformation ( Figure 3, B ) . We used AutoDock to examine all possible positions in three-dimensional space, or conformations, by which genistein could interact with the MEK4 active site and selected the conformation with the highest Figure 2 . Genistein treatment and mitogen-activated protein kinase kinase 4 (MEK4) kinase activity in 1532CPTX, 1532NPTX, 1542NPTX, 1542CPTX, PC3, and PC3-M human prostate cell lines. A ) Expression of MEK subtypes that activate p38 mitogen-activated protein kinase (MAPK). Lysates from each of the six cell lines were probed for the expression of MEK3, MEK4, or MEK6 protein by Western blot analysis. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was the loading control. The experiment was conducted two times, with similar fi ndings in each. B ) MEK4 overexpression and activation of p38 MAPK. Cells were transfected with a constitutively active form of MEK4, MEK4EE, or an empty vector control (VC), and then probed for phosphorylated (phospho-p38) and total (p38) p38 MAPK, MEK4, and GAPDH with specifi c antibodies by Western blot analysis. The density of the resultant bands was determined with AlphaEaseFc software, and mean ratios of the expression of the indicated proteins, from two separate experiments, are shown below the respective bands. Data are expressed as the percentage of the expression in VC-transfected cells. C ) Genistein and the kinase activity of purifi ed MEK4. MEK4 kinase activity in the presence of genistein (0 -100 µ M) was assessed with commercially available kits that used an inactive JNK3 as the substrate. Top ) Western blots. The phosphorylated substrate was detected by Western blot analysis and the density of bands was determined with AlphaEaseFc software. Bottom ) MEK4 kinase activity. Data are presented as the percentage of activity in the untreated control reaction. The experiment was conducted two separate times. All data from both experiments are shown. D ) Genistein treatment and phosphorylation of MEK4. Cells were pretreated with 50 µ M genistein (G) for 24 hours and then with transforming growth factor ␤ (TGF ␤ ) at 2 ng/mL for 45 minutes, as indicated. Lysates were prepared and probed for phosphorylated and total MEK4 and GAPDH with specifi c antibodies by Western blot analysis. The density of resultant bands was determined with AlphaEaseFc software, normalized to that of GAPDH, and mean values, from two separate experiments, are shown below the respective bands. Data are expressed as the percentage of the expression in untreated control cells. Data in ( B ) and ( D ) were from a representative experiment of two experiments, with similar fi ndings. Each point was repeated two times. con = control; conc = concentration. score, as assessed by the genetic algorithm implemented in the AutoDock program ( Figure 3, C ) . In this predicted model for genistein binding to MEK4, genistein spanned the cleft between the domains by making hydrogen bonds with lysine-231 and argi- nine-267. These findings, as well as those involving the use of purified MEK4 in an in vitro kinase assay ( Figure 2, C ) , support the hypothesis that genistein directly inhibits MEK4 kinase activity.
MEK4, MMP-2 Expression, and Invasion of Human Prostate Cancer Cells
We next investigated whether MEK4 increased MMP-2 expression and cell invasion in all six human prostate cell lines. To increase MEK4 expression, cells were transfected with constitutively active MEK4EE vector or control vector, and 24 hours later, MMP-2 expression was assessed by qRT-PCR ( Figure 4 , A ) and cell invasion was assessed by Boyden chamber assays ( Figure 4, B ) . Across all six cell lines, overexpression of MEK4 statistically significantly increased MMP-2 expression (eg, in MEK4EE-and vector control -transfected PC3-M cells, MMP-2 expression was 267% and 100%, respectively; difference = 167%, 95% CI = 100% to 235%, P = .048) and cell invasion (eg, in the same cell combination, cell invasion was 157% and 100%, respectively; difference = 57%, 95% CI of the difference = 19% to 96%, P = .049).
To decrease the expression of MEK4, all six cell lines were transfected with MEK4-specifi c siRNA or a control siRNA. Across all six cell lines, cells transfected with MEK4-specifi c siRNA contained substantively lower levels of MEK4 protein ( Figure 5 , A ) and transcripts ( Figure 5 , B ) than cells transfected with control siRNA. Given that cells also express MEK3 protein ( Figure 2, A ) , it should be noted that transfection with siMEK4 had little to no effect on the level of MEK3 transcripts ( Figure 5, B ) . In addition, across all six cell lines, cells transfected with MEK4 siRNA had statistically signifi cantly lower levels of MMP-2 expression ( Figure 5 , C ) and cell invasion ( Figure 5 , D ) than cells transfected with control siRNA. For example, in MEK4 siRNA -and control siRNA -transfected PC3-M cells, MMP-2 expression was 23% and 100% (difference = 77%, 95% CI of the difference = 63% to 91%, P = .002), respectively, and cell invasion was 46% and 100% (difference = 54%, 95% CI of the difference = 38% to 70%, P = .002).
MEK4 and Genistein Action
If MEK4 was the only site of action for genistein-mediated inhibition of cell invasion, then cells lacking MEK4 expression should be resistant to genistein. We investigated whether genistein treatment decreased invasion of cells transfected with MEK4 siRNA compared with control cells ( Figure 5, E ) . Genistein treatment did not further inhibit the invasive activity of cells transfected with MEK4 siRNA. It should be noted that genistein treatment appeared to decrease the invasion of metastatic PC3 and PC3-M cells, although not statistically significantly so. Thus, in early-stage 1532NPTX, 1532CPTX, 1542NPTX, and 1542CPTX cells, MEK4 appears to be the only target for genistein-mediated inhibition of invasion, whereas in the metastatic cells, MEK4 may have additional targets.
Genistein and MMP-2 Expression in Normal Human Prostate Epithelial Cells
A drug designed to inhibit cell motility in human prostate tissue should be directed to cells that are at high risk of developing into invasive cancer but have not yet acquired a motile phenotype, such as normal prostate epithelial cells in a prostate gland containing prostate cancer. We thus focused on this cell population and used laser capture microdissection to isolate these cells from prostate tissue that was obtained from 24 patients with localized prostate cancer who participated in a randomized phase II clinical trial. This randomized trial examined genistein treatment (150 mg daily) or no treatment before radical prostatectomy ( Figure 6, A ) . No statistically significant differences in the clinical characteristics were observed between genistein-treated and untreated groups ( Table 1 ). The mean presurgical treatment time was 4.0 weeks (SD = 2.1 weeks), and no serious adverse events were observed during the trial. The concentration of genistein in the blood was measured before treatment (baseline) and before surgery ( Figure 6, B ) . In the genistein cohort, the mean blood concentration of genistein had increased from a baseline level of 0.066 µ M (95% CI = 0.060 to 0.070 µ M) to 1.42 µ M (95% CI = 0.990 to 1.852 µ M) before surgery.
Given that overexpression of MEK4 increased the level of MMP-2 transcript and that genistein inhibited MEK4 kinase activity and decreased the level of MMP-2 transcripts and protein in all six prostate cell lines, we investigated whether genistein treatment of patients with prostate cancer was associated with * Two-sided t tests were used to obtain P values. A P value of more than .05 was considered not statistically significant for differences between treatment and control groups. All P values were not statistically significant. No serious adverse events, defined as grade of 2 or greater for clinical toxicity according to the National Cancer Institute's Common Toxicity Criteria, version 2.0, were observed. PSA = prostate-specific antigen; N/A = not applicable.
decreased levels of MMP-2 transcripts in normal prostate epithelial cells isolated from fresh-frozen prostate tissue by laser capture microdissection ( Figure 6 , C ). Briefl y, RNA was isolated from the dissected cells and treated with DNase, and then, the levels of MMP-2 and GAPDH transcripts were measured in each subject by qRT-PCR ( Figure 6, D ) . The mean level of MMP-2 transcripts in normal epithelial cells from untreated control subjects was taken as baseline and expressed as 100% ( Figure 6 , E ). In genisteintreated patients at surgery, the mean level of MMP-2 expression had decreased statistically signifi cantly to 24% of that in control patients (100%; difference = 76%, 95% CI of the difference = 38% to 115%; P = .045).
Discussion
Our findings demonstrate for the first time, to our knowledge, that MEK4 was a regulator and stimulator of MMP-2 expression and cell invasion in human prostate cells. MEK4 was also identified as a therapeutic target for genistein-mediated inhibition of MMP-2 expression and cell invasion. Furthermore, genistein was found to directly inhibit MEK4 kinase activity at nanomolar concentrations. The clinical relevance of genistein treatment to inhibit signaling pathways that are involved prostate cell motility was shown by using normal human prostate epithelial cells that were isolated from prostate tissue of patients participating in a prospective, randomized, phase II trial examining genistein treatment. Cells from patients treated with genistein had lower levels of MMP-2 transcripts than cells from untreated patients. This result demonstrates that cancer motility processes in patients with prostate cancer can be targeted by genistein. We also observed no adverse side effects during the trial. The exact role of MEK4 in human cancer biology is not well understood ( 39 ) . Our fi ndings support those of others ( 17 , 37 , 40 -43 ) , however. MEK4 has been shown to activate p38 MAPK in fi broblast and kidney cells ( 17 , 40 ) and to increase the invasive activity of human breast and pancreatic cells ( 41 ) . Decreasing the expression of MEK4 by knockdown approaches inhibits metastasis of human pancreatic cancer cells in mice ( 42 ) . Increased MEK4 expression ( 37 ) and increased MMP-2 expression ( 43 ) were found in invading human prostate cancer cells. Increased MMP-2 expression has been associated with a higher Gleason score, a more advanced disease stage ( 44 ) , and decreased disease-free survival ( 45 ) . We have shown that MEK4 induces MMP-2 and cell invasion in early-stage 1532NPTX, 1532CPTX, 1542NPTX, and 1542CPTX cells. Thus, these studies support the hypothesis that MEK4-mediated MMP-2 induction is an event in prostate cancer progression that precedes the development of metastasis.
Because cell invasion is a basic cell function that is critical for the development of invasive cancer, and a central determinant of metastatic potential, it is a tightly regulated process that involves cooperation across many signaling pathways. If MEK4 is an important regulator of cell invasion, it should, and in fact does, interact with other regulatory pathways. On the basis of this study and earlier studies ( 8 , 10 , 16 , 22 , 23 , 46 , 47 ) , we propose a model by which human prostate cancer cells regulate invasion and metastasis ( Figure 7 ). Briefl y, transforming growth factor ␤ , which is produced by prostate cells and other cell types in prostate tissue, activates MEK4; MEK4 phosphorylates p38 MAPK and thus activates downstream signaling proteins (such as MAPKAPK2 and heat shock protein 27), thereby increasing MMP-2 expression, cell invasion, and metastasis ( 8 , 10 , 16 , 22 ) . Through signaling pathway cross talk; p38 MAPK can phosphorylate the proinvasive protein Smad3 ( 46 ) . Smad3 is also activated via canonical transforming growth factor ␤ signaling in the human prostate ( 23 ) ; this signaling pathway involves the binding of transforming growth factor ␤ to transforming growth factor ␤ superfamily receptors type I and II, termed activin-like kinase receptor (ALK)-5 and type II TGF ␤ receptor (TGF ␤ RII), respectively, after which ALK-5 phosphorylates Smad3. Endoglin ( 47 ) and ALK-2 ( 23 ), which is also a transforming growth factor ␤ type I receptor, inhibit invasion and thereby counterbalance proinvasion signaling by activating Smad1, which acts to inhibit invasion ( 23 ) . An important determinant of whether cells ultimately invade or not appears to be the ratio of proinvasive Smad3 to anti-invasive Smad1 ( 23 ) .
Genistein has many disparate effects, such as inhibition of breast cancer cell growth ( 48 ) , induction of apoptosis in prostate cancer cells ( 49 ) , inhibition of angiogenesis in human umbilical ( 10 ) , and heat shock protein 27 (HSP27) ( 10 ) , all of which act to increase expression of matrix metalloproteinase-2 (MMP-2) and cell invasion. Smad3 can be activated by p38 MAPK ( 46 ) or by the TGF ␤ superfamily receptors, activin-like kinase receptor (ALK)-5 and type II TGF ␤ receptor (TGF ␤ RII) ( 23 ) . The proinvasive action of Smad3 is mitigated by the anti-invasion action of Smad1 ( 23 ) . Smad1 is constitutively activated by endoglin (ENG) in an ALK-2 -dependent fashion ( 23 ) . Under the combined infl uence of proinvasion MEK4 and Smad3 signaling and of antiinvasion Smad1 signaling, cells have a high-motility phenotype characterized by high invasion and metastatic potential ( 16 ) , which in turn causes mortality from prostate cancer. Right) Genistein treatment and low-motility phenotype. When genistein is present, it binds to and inhibits MEK4 kinase activity. Genistein-mediated decreases in MEK4 kinase activity in turn blocks activation of p38 MAPK ( 8 ), MAPKAPK2 ( 12 ) , and HSP27 ( 12 ) , all of which of block TGF ␤ -mediated increases in MMP-2 and cell invasion. In addition, genistein activates the antimotility action of Smad1, in a manner that is dependent on ALK-2 kinase activity ( 24 ). Genistein's action serves to inhibit proinvasion MEK4 and Smad3 signaling and to enhance anti-invasion Smad1 signaling, resulting in cells with a low-motility phenotype characterized by low invasion and metastatic potential ( 16 ) , which in turn decreases mortality from prostate cancer ( 13 , 14 ) . Ϫ = inhibitory activity of genistein on a molecular pathway; + = stimulatory activity of genistein on a molecular pathway; ↓ = inhibition of individual cellular and systemic processes by genistein; ↑ = stimulation of individual cellular and systemic processes by genistein; TGF ␤ RI = type I TGF ␤ receptor.
vein endothelial cells ( 50 ) , inhibition of topoisomerase in K562 cells ( 51 ) , and estrogenic activity in breast cancer cells ( 52 ) . Consequently, it should be emphasized that all of these effects are concentration dependent and require at least micromolar concentrations, so that as the concentration of genistein increases, its specifi city decreases. The concentrations of free genistein in the blood of men consuming a soy-based diet ( 15 ) , as well as in men who have been treated with genistein supplements ( 31 , 53 ) , are in the nanomolar range. Epidemiological studies of patients with prostate cancer have found associations between these blood concentrations of genistein and decreased metastasis and mortality ( 13 , 14 ) . Because of these fi ndings, we had focused on mechanisms operative at nanomolar concentrations. Our current fi nding that the genistein has an IC 50 value in the nanomolar range for MEK4 is consistent with our previous reports that genistein at mid-to-low nanomolar concentrations inhibits prostate cell invasion in vitro ( 8 ) and inhibits metastasis of human prostate cancer cells in mice ( 16 ) . Related mechanistic studies by us corroborate these fi ndings by demonstrating that genistein inhibits activation of p38 MAPK ( 8 ), MAPKAPK2 ( 12 ) , and heat shock protein 27 ( 12 ) , thereby inhibiting MMP-2 expression ( 8 , 12 ) , cell invasion ( 8 , 12 ) , and metastasis of human prostate cancer cells in a murine model ( 16 ) . We have shown previously that genistein activates Smad1, thereby decreasing human prostate cancer cell invasion ( 24 ) , and that endoglin and ALK-2 cooperated to activate Smad1 and activated Smad1-suppressed human prostate cancer cell invasion ( 23 ) . It is unclear whether genistein-induced activation of Smad1 is due to genistein-mediated MEK4 inhibition or whether it involves other components. It is clear, however, that activation of Smad1 by genistein requires the function of intact ALK-2 kinase ( 24 ) .
It has been proposed that MEK4 is able to suppress prostate cancer metastasis ( 39 ) , but the supporting results were from experiments in rat prostate cancer cells ( 54 ) . The actions of MEK4 appear to be species specifi c because in a study of rat prostate cancer metastasis, p38 MAPK has been shown not to be involved in MEK4-mediated suppression of metastasis, but activation of JNK was required ( 55 ) . Thus, caution should be exercised when extrapolating functions of signaling pathways across species.
The fi nding that the invasive activity of early-stage 1532NPTX, 1532CPTX, 1542NPTX, and 1542CPTX cells transfected with MEK4 siRNA, which lack MEK4 expression, was essentially resistant to genistein treatment indicates that MEK4 is the only target for genistein's anti-invasion activity. However, the fi ndings with metastatic PC3 and PC3-M cells transfected with MEK4 siRNA indicate that genistein may be acting on at least one more target during prostate cancer progression. The identity of these targets for genistein should be the subject of future investigations.
This study has several limitations. It has not been defi nitively proven that genistein inhibits MEK4 by binding to its active site, although it is clear that genistein directly inhibited MEK4 kinase activity and that our computer-simulated structural model for MEK4 predicted that genistein binds to the active site of MEK4. However, such models may not be reliable predictors of actual structure ( 56 ) . The most accurate way to determine the threedimensional structure of a protein and its ligand-binding site is through x-ray crystallographic analysis. A second limitation is that because MEK4 siRNA transfection did not affect the MEK3 expression in all six cell lines, we did not evaluate the function of MEK3 in these cells. So we cannot rule out the possibility that MEK3 may be involved in regulating cell invasion in human metastatic prostate cancer cells. A third limitation relates to the pharmacodynamics of genistein in human subjects. Although our results on the mechanism of action of genistein is consistent with inhibition of MEK4 kinase, we have not localized the action of genistein to a specifi c component of a signaling pathway in human tissue specimens because the high levels of prostatic acid phosphatase in prostate tissue preclude the accurate measurement of phosphorylated protein levels in clinical specimens. A fourth limitation relates to the fact that we cannot exclude the possibility that the antimotility action of genistein may be directed, at least in part, to at least one more target, in addition to MEK4. A fi fth limitation relates to the strength of the association between the antimotility activity of genistein acquired through dietary consumption and decreased prostate cancer mortality. Additional studies on this association should include the analysis of MMP-2 expression in subjects who were consuming diets that contain either high or low levels of genistein.
Genistein appears to have selectivity toward MMP-2, compared with other MMP subtypes, in human prostate epithelial cells ( 8 ) . MMP-2 is a secreted protein that can be produced by prostate stromal cells, which are adjacent to epithelial cells in human prostate tissue ( 44 ) . We therefore specifi cally isolated prostate epithelial cells by laser capture microdissection and showed that genistein specifi cally decreased MMP-2 transcript levels in these cells. Previous clinical studies ( 3 ) that used MMP active site inhibitors found that adverse clinical toxic effects were a limiting factor. These toxic effects appeared to be related to the non-MMP subtype-specifi c nature of the inhibitors and the fact that there are more than 20 MMP subtypes that play vital roles in normal human biology. Given that MMPs are extracellular proteases, they have key roles in defi ning how cancer cells physically interact with their surrounding microenvironment. Other important regulators of how cancer cells physically interact with their microenvironment include other classes of proteases ( 57 ) and cell adhesion molecules ( 58 , 59 ) . Cell -microenvironment interactions, including those mediated by proteases ( 60 ) and cell adhesion molecules ( 61 ), represent currently popular therapeutic targets. However, because interactions between cells and their microenvironment are fundamental to human life and because differences in such interactions between normal and cancer tissue are largely caused by differences in the level of protein expression, such therapeutic approaches should be examined cautiously. Although our current fi nding that MMP-2 can be targeted with genistein therapy is only one example, it supports the feasibility of targeting regulatory pathways rather than physical interactions. By using normal prostate epithelial cells from prostate cancer -containing tissue, which were presumably at risk of progression to prostate cancer cells, we show that it is possible to decrease MMP-2 expression. This fi nding supports the possibility that destabilization of a premalignant fi eld can potentially be prevented by therapeutically targeting cell motility processes that are linked to cancer, as has been proposed previously ( 62 , 63 ) .
In summary, the expression of MEK4 was shown to be associated with the expression of MMP-2 and with invasive activity of human prostate PC3, PC3-M, 1532NPTX, 1532CPTX, 1542NPTX, and 1542CPTX cells. We found evidence that MEK4 was the target for the anti-invasive activity of genistein in human prostate cancer cell lines. By use of a randomized phase II trial of genistein treatment vs no treatment of patients with prostate cancer, we found lower levels of MMP-2 transcripts in normal prostate epithelial cells from the treated group than from the untreated group. MMP-2 is an important stimulator of cell invasion and metastasis. Thus, we have shown that it is possible to target motility-associated processes with genistein in patients with prostate cancer, have identifi ed MEK4 as the therapeutic target for genistein in all six prostate cell lines examined, and have provided a possible mechanism to link high dietary consumption of genistein-containing foods with lower rates of prostate cancer metastasis and mortality.
